1. Introduction
===============

Liver cirrhosis is a common chronic progressive liver disease in clinical practice. Quantitative evaluation of liver cirrhosis and its severity is of great importance for choosing appropriate clinical interventions. Early cirrhotic liver often reserve good liver function, and etiologic treatment is needed; but when it progresses, more complications (such as bleeding of esophageal and gastric fundic varices, ascites, and hepatic encephalopathy) would happen and it is crucial to take appropriate measures to improve patients' survival quality.^\[[@R1]\]^ Clinically, the severity of liver cirrhosis is commonly assessed by the symptom and biochemical blood indicators. As known to all, the Child--Pugh classification is a method used widely to assess the severity of cirrhosis with the combination of biochemical indicators. According to the Child--Pugh scoring system, liver cirrhosis can be classified as 3 grades: low (class A), intermediate (class B), and poor (class C) risk.^\[[@R1]\]^ In addition, esophageal and gastric fundic varices are common complications secondary to portal hypertension in cirrhosis, and have a high risk of causing life-threatening upper gastrointestinal hemorrhage.^\[[@R2]\]^ Endoscopy is the gold standard for the identification of the varices.^\[[@R3]\]^ Nevertheless, endoscopy is invasive and repeated endoscopic examination may lead discomfort for patients. Thus, a noninvasive and repeatable method is needed to demonstrate esophageal and gastric fundic varices.

Magnetic resonance (MR) imaging is promising for assessing liver cirrhosis with the advantages of noninvasion and repeatability.^\[[@R4]\]^ Meanwhile, a variety of MR techniques such as *T*~1~ or *T*~1~ rho mapping, dynamic contrast-enhanced MR imaging, MR elastography, and diffusion-weighted imaging (DWI) have been used to evaluate the severity of liver cirrhosis.^\[[@R5]--[@R8]\]^ Initially developed by Le Bihan et al,^\[[@R9]\]^ intravoxel incoherent motion (IVIM) DWI is a promising method to assess liver cirrhosis for its potential to multiparametric imaging with combined effects of diffusion and perfusion. It could detect the changes of diffusion and perfusion in vivo by measuring the true diffusion coefficient (*D*), pseudo-diffusion coefficient (*D*^∗^), and perfusion fraction (*f*). Liver cirrhosis is associated with abnormal accumulation of extracellular collagen, which may affect both the true diffusion and microcirculation. Currently, many researches have already proved the effects of diffusion and perfusion in the process of liver cirrhosis by using IVIM.^\[[@R10]--[@R14]\]^ However, there were few researches on the severity of liver cirrhosis and esophageal and gastric fundic varices by using IVIM.

Commonly, hypertrophy of the left lateral lobe (LLL) and caudate lobe (CL), and atrophy of the left medial lobe (LML) and right lobe (RL) at the same time would occur as the normal liver progresses into cirrhotic liver.^\[[@R15]\]^ We want to know which liver-lobe-based IVIM-derived parameters could be best associated with cirrhosis and its severity, and esophageal and gastric fundic varices. To the best of our knowledge, there are no reports focusing on the liver-lobe-based IVIM-derived parameters to assess the severity and the varices secondary to hepatitis-B-related cirrhosis. Thus, the aim of this study was to explore the association of liver-lobe-based parameters derived from DWI using IVIM with hepatitis-B-related cirrhosis and its severity, and esophageal and gastric fundic varices.

2. Materials and methods
========================

2.1. Patients
-------------

The prospective study was approved by the institutional ethics review board of our hospital, and a written informed consent was obtained from each participant prior to the study.

From April 2016 to December 2017, 80 consecutive patients with liver cirrhosis underwent abdominal MR imaging were enrolled in this research referred to the inclusion criteria: hepatitis-B-related liver cirrhosis was confirmed by the laboratory investigations, pathologic findings, and medical imaging according to the American Association for the Study of Liver Diseases (AASLD) practice guidelines on chronic hepatitis B (2018)^\[[@R16]\]^; patients underwent the test on the 5 parameters including albumin, ascites, bilirubin, prothrombin activity, and encephalopathy to calculate the Child--Pugh score; and patients had no hepatic carcinoma, or other malignant or benign tumors (except for liver cyst) shown on the MR imaging. The exclusion criteria were as follows: prohibitions for MR scan; patients with hepatic carcinoma (n = 1) or portal vein emboli (n = 2); patients with active bleeding in gastrointestinal tract (n = 1); patients with history of treatment for portal hypertension (such as splenectomy, splenic artery embolization \[n = 1\], transjugular intrahepatic portosystemic shunt); patients with chronic severe renal impairment (n = 1); or patients with a poor coordination of respiratory.

Based on the clinical, biologic, endoscopic, and MR data, 74 cases with liver cirrhosis were enrolled in this study. In this cohort, there were 45 males and 29 females in the cirrhotic group with mean age of 48.8 years (range, 20--79 years). According to the Child--Pugh scoring system, 28, 24, and 22 patients were classified as Child--Pugh class A, B, and C, respectively. The Child--Pugh score was calculated within 3 days before or after the MR scanning. The endoscopy was used to demonstrate esophageal and gastric fundic varices. In this cohort, 30 patients had esophageal and gastric fundic varices and 44 patients did not have the varices.

During the same research period, 25 consecutive healthy volunteers including 11 males and 14 females with mean age of 45.3 years (range, 21--50 years) who underwent upper abdominal IVIM DWI were randomly enrolled in this cohort as the control group. The inclusion criteria for the control group were listed as follows: the participants had no history of chronic viral infection, alcohol abuse and liver surgery, and currently did not receive medical treatment; hepatitis virus markers were negative and liver function was normal based on the laboratory examination; and there were no MR findings of chronic liver disease, hepatic carcinoma, or fatty liver.

2.2. MR technique
-----------------

A 3.0-T scanner (Discovery MR 750; GE Medical Systems, Milwaukee, Wis, USA), equipped with 32 channel body coil, was used to perform the upper abdominal MR examination when the respiratory signals were established. All subjects were required fasting more than 4 hours before the examination. The MR sequences included *T*~1~-weighted axial liver acquisition with volume acceleration (LAVA) Flex mask, fat-suppressed axial *T*~2~-weighted sequence, and axial IVIM sequence followed by the contrast-enhanced LAVA sequences. The scanning parameters for the above mentioned sequences were as follows: repetition time (TR) of 3.7 milliseconds, echo time (TE) of 1.8 milliseconds, matrix of 128 × 128, field of view (FOV) of 340 mm × 340 mm, slice thickness of 5.2 mm, number of signal average (NSA) of 1, and bandwidth of 200 kHz for *T*~1~-weighted axial LAVA-Flex mask; TR of 3750 milliseconds, TE of 96 milliseconds, matrix of 320 × 320, FOV of 340 mm × 340 mm, slice thickness of 5 mm, slice gap of 1 mm, NSA of 2, and bandwidth of 83.33 kHz for *T*~2~-weighted imaging; and TR of 1500 milliseconds, TE of 63 milliseconds, matrix of 256 × 256, FOV of 360 mm × 360 mm, slice thickness of 5 mm, slice gap of 1 mm, *b* value of 0, 20, 50, 80, 100, 200, 400, 600, and 800 s/mm^2^, and NSA of 1 for IVIM DWI. Subsequently, each patient with liver cirrhosis was injected gadodiamide (Magnevist; Bayer Healthcare, Germany) with a standard dose of 0.2 mmol/kg of body weight at a standard flow rate of 3 mL/s through a peripheral venous access followed by a 20-mL saline solution flush for axial contrast-enhanced LAVA acquisitions. In addition, *T*~1~-weighted imaging, *T*~2~-weighted imaging, and contrast-enhanced MR sequences were conducted to determine whether the participants in this cohort were compliant to the inclusion criteria.

2.3. Image analysis
-------------------

The original IVIM data were directly loaded to the workstation (GE Advanced Workstation version 4.4-09) and a standard software package was used to analyze the IVIM DWI data. This software allowed the calculation of the *D*, *D*^∗^, and *f* values and the corresponding parametric maps. According to the IVIM principle, the relation between signal intensity and *b* value complies with the following formula: *S*~*b*~/*S*~0~ = *f* × exp(−*b*·*D*^∗^) + (1 − *f*) × exp(−*b*·*D*), where *S*~0~ represents the signal intensity at the *b* value of 0 s/mm^2^, *S*~*b*~ represents the signal intensity at the given *b* value, *f* is the perfusion fraction, *D* is the diffusion coefficient related to pure molecular diffusion, and *D*^∗^ is the pseudo diffusion coefficient associated with the microcirculation. Two radiologists (the 1st author with 4-year experience in radiology, and the corresponding author with 21-year experience in abdominal radiology) who were blinded to the clinical, laboratory, and pathologic data, independently performed the analysis of the image data.

The previous data analysis in the liver were based on the 4 liver lobes: LLL, LML, RL, and CL. On the basis of *T*~2~-weighted imaging data, 3 freehand regions of interest (ROIs) were placed on one sectional representative IVIM image in a liver lobe (Fig. [1](#F1){ref-type="fig"}A). The software automatically calculated the *D*, *D*^∗^, and *f* values, and the same ROIs were copied to the color coded maps of *D* (Fig. [1](#F1){ref-type="fig"}B), *D*^∗^ (Fig. [1](#F1){ref-type="fig"}C), and *f* (Fig. [1](#F1){ref-type="fig"}D) during the previous analysis. The above-mentioned analysis was repeated on the consecutive other 2 representative sections of the corresponding liver lobe. A total of 9 ROIs in each liver lobe per participant were drawn. The area of each ROI within LLL, LML, and RL was 100 to 150 mm^2^ and that in CL was 30 to 50 mm^2^. We drew each ROI in each liver lobe by avoiding the areas of artifact, vessels, bile ducts, and intestinal gas. An average of the IVIM-derived parameters across the 9 ROIs in each liver lobe was calculated to serve as the liver-lobe-based parameters.

![In a 50-year-old male with liver cirrhosis of Child--Pugh class C, 3 regions of interest are randomly drawn each in the left lateral liver lobe, left medial liver lobe, right liver lobe, and caudate lobe on diffusion weighted imaging using *b* value of 0 s/mm^2^ (A) to obtain the intravoxel incoherent-motion-derived parameters. The regions of interest are identically positioned in the corresponding parametric maps of the *D* (B), *D*^∗^ (C), and *f* (D) by the postprocessing software.](medi-99-e18671-g001){#F1}

To test the intraobserver reproducibility of measurements of the liver-lobe-based IVIM-derived parameters, all IVIM DWI were repeatedly analyzed by the 1st author 2 weeks later.

2.4. Statistical analysis
-------------------------

The SPSS package version 13.0 was used for the statistical analysis, and a *P*-value \<.05 was considered significantly different. Descriptive statistics for liver-lobe-based IVIM-derived parameters were expressed as mean ± standard deviation. Kruskal--Wallis test was used to compare the liver-lobe-based IVIM-derived parameters between the cirrhotic and control groups. And the Student *t* test was used to compare the previous IVIM-derived parameters between patients with and without esophageal and gastric fundic varices. The correlation between each liver-lobe-based IVIM-derived parameter and Child--Pugh class was assessed by Spearman rank correlation analysis. Receiver-operating characteristic (ROC) curve was generated to evaluate the diagnostic performance of any liver-lobe-based IVIM-derived parameter for identifying liver cirrhosis, and esophageal and gastric fundic varices with a quantitative index (the area under the ROC curve, AUC).

In addition, to determine the reproducibility of the measurements of liver-lobe-based IVIM-derived parameters, the interobserver and intraobserver intraclass correlation coefficients (ICCs) were calculated. When the ICC was \>75%, the reproducibility of the liver-lobe-based IVIM-derived parameter measurements was regarded sufficient, and an average of the 2 authors' 1st measurement was used as the final results to perform the subsequent analysis. When the ICC was \<75%, 2 additional measurements were performed by the above-mentioned 2 authors, and an average of the 4 measurements was used as the final value.

3. Results
==========

3.1. Inter- and intraobserver reproducibility of liver-lobe-based IVIM-derived parameter measurement
----------------------------------------------------------------------------------------------------

In this study, the 1st measurements of both observers were used to evaluate the interobserver reproducibility. The 2 measurements from the 1st author were used to analyze the intraobserver reproducibility. The ICCs on the inter- or intraobserver reproducibility of liver-lobe-based IVIM-derived parameter measurements are shown in Table [1](#T1){ref-type="table"}. The ICCs for the inter- and intraobserver reproducibility were more than 0.9, which indicated that the reproducibility of the measurements was very good. Therefore, we used the average of the first measurements from the 2 authors as the final results for the subsequent analysis.

###### 

Reproducibility of the intravoxel incoherent-motion-derived parameters' measurements in the enrolled participants.

![](medi-99-e18671-g002)

3.2. Evaluation of cirrhosis and its Child--Pugh class with liver-lobe-based IVIM-derived parameters
----------------------------------------------------------------------------------------------------

The liver-lobe-based IVIM-derived parameters in the cirrhotic group and the control group are shown in Table [2](#T2){ref-type="table"} and Figure [2](#F2){ref-type="fig"}. According to the Kruskal--Wallis test, the *D*, *D*^∗^, and *f* values of each liver lobe in the cirrhotic group were lower than in the control group (all *P*-values \<.05). Spearman rank correlation analysis showed that the *D*, *D*^∗^, and *f* values of each liver lobe were negatively correlated with the Child--Pugh class, as shown in Table [3](#T3){ref-type="table"} (all *P*-values \<.05).

###### 

Pure molecular diffusion (*D*), pseudo-diffusion coefficient (*D*^∗^), and perfusion fraction (*f*) values in healthy volunteers and patients with cirrhosis.
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![Box plots show the *D* values of left lateral liver lobe (LLL, A), left medial liver lobe (LML, B), right liver lobe (RL, C), and caudate lobe (CL, D) in normal participants and patients with cirrhosis of different Child--Pugh classes.](medi-99-e18671-g004){#F2}

###### 

Association of the liver-lobe-based intravoxel incoherent-motion-derived parameters with the Child--Pugh class of liver cirrhosis.
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3.3. Comparisons of liver-lobe-based IVIM-derived parameters in cirrhotic patients with vs without esophageal and gastric fundic varices
----------------------------------------------------------------------------------------------------------------------------------------

We compared the liver-lobe-based IVIM-derived parameters between cirrhotic patients with and without esophageal and gastric fundic varices, which is illustrated in Table [4](#T4){ref-type="table"}. According to the 2 independent samples tests, the *D* values of each liver lobe, the *D*^∗^ values of LLL and CL, and the *f* values of LLL, LML and CL were lower in patients with esophageal and gastric fundic varices than without the varices (all *P*-values \<.05).

###### 

Comparisons of the liver-lobe-based intravoxel incoherent-motion-derived parameters between patients with and without esophageal and gastric fundic varices.
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3.4. ROC analysis of liver-lobe-based IVIM-derived parameters for determining cirrhosis, and esophageal and gastric fundic varices
----------------------------------------------------------------------------------------------------------------------------------

The results of the ROC analysis about the determination of cirrhosis, and esophageal and gastric fundic varices with liver-lobe-based IVIM-derived parameters are shown in Table [5](#T5){ref-type="table"} and Figure [3](#F3){ref-type="fig"}. The *D* value of RL had the highest diagnostic efficiency on the discrimination of cirrhotic liver from normal liver with an AUC of 0.857. In addition, the *D* value of CL could best identify esophageal and gastric fundic varices with an AUC of 0.746.

###### 

Receiver-operating characteristic analysis of the liver-lobe-based intravoxel incoherent-motion-derived parameters for determining cirrhosis and esophageal and gastric fundic varices.
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![Receiver-operating characteristic analyses of liver-lobe-based parameters derived from intravoxel incoherent motion are performed to identify cirrhosis, and esophageal and gastric fundic varices. The receiver-operating characteristic curves show that the *D* value of left lateral liver lobe (LLL), left medial liver lobe (LML), right liver lobe (RL), and caudate lobe (CL) could be indicators for the identification of cirrhosis (A), and cirrhotic patients between with and without esophageal and gastric fundic varices (B).](medi-99-e18671-g008){#F3}

4. Discussion
=============

In this study, we used liver-lobe-based IVIM-derived parameters to investigate the identification of cirrhosis and esophageal and gastric fundic varices. We found that the *D*, *D*^∗^, and *f* values of each liver lobe in the cirrhotic patients decreased significantly in comparison with the healthy participants, and were inversely correlated with the Child--Pugh class of cirrhosis. The reason for the decreasing trend of *D* value in liver cirrhosis was closely related to the pathologic mechanism. On one hand, with the progression of the liver cirrhosis, collagen fibers continuously generate and deposit in the extracellular Disse space, which leads to the narrowing of extracellular and then restricting the diffusion of water molecular. On the other hand, the content of external water molecular would reduce along with the increase of collagen fibers in cirrhotic liver, which may lead to the decrease of *D* value.^\[[@R17]--[@R19]\]^

As shown in our study, *D*^∗^ and *f* values of cirrhotic liver also decreased when compared to healthy liver, which would account to the reduced perfusion during the process of liver cirrhosis. With the progression of cirrhosis, the narrowed extracellular space will compress the portal vein, which leads to the increase of the resistance in the portal vein, eventually resulting in the formation of portal hypertension and the decrease of portal blood flow. Since the primary blood supply of the liver comes from portal vein and the supply of hepatic artery cannot compensate the reduced portal flow in cirrhotic liver, the perfusion of the whole liver would decrease.^\[[@R20],[@R21]\]^ However, some researches had different conclusions. Luciani et al^\[[@R10]\]^ and Chow et al^\[[@R22]\]^ reported that the *D*^∗^ value decreased significantly in cirrhotic liver while *f* value had no difference between cirrhotic and healthy liver. In an experimental study,^\[[@R20]\]^ Zhang et al reported that *f* value decreased significantly in cirrhotic liver while *D*^∗^ value did not when compared to healthy liver. We acknowledged that different studies may have discrepancies on the results of *D*^∗^ or *f* value in cirrhotic liver, but they all indicated the reduction of perfusion in the process of liver cirrhosis.

The ROC analysis in our study showed that the *D* value of each liver lobe had higher diagnostic performance for the identification of liver cirrhosis than *f* or *D*^∗^ values. Among the 4 liver lobes, the *D* value of RL had the highest diagnostic performance than those of LLL, LML, and CL (AUC: 0.857 vs 0.837, 0.835, and 0.778, respectively). The reason why the *D* value had a higher diagnostic performance than *f* and *D*^∗^ values may be explained by the accuracy of the measurements of the IVIM-derived parameters, which were influenced by many factors including the setting of *b* value (especially on the number of *b* value \<200 s/mm^2^), and the interference of breath and heart artifact.^\[[@R23]--[@R28]\]^ The *D*^∗^ and *f* values were easily affected by the setting of lower *b* value. In this study, there were fewer *b* values \<200 s/mm^2^, which may influence the accuracy of the measurement of the *D*^∗^ and *f* values. In addition, LLL of liver is close to the heart and CL is close to the porta hepatis, which is more easily disturbed by the motion artifact of the neighboring organs.

In addition, our study demonstrated that the *D* value of each liver lobe, *D*^∗^ value of LLL and CL, and *f* value of LLL, LML and CL were lower in liver cirrhosis with esophageal and gastric fundic varices than without the varices. For the first time, the ROC analysis in our study revealed that the *D* value of CL could best identify esophageal and gastric fundic varices with an AUC of 0.746. In comparison with fibroscan to predict the existence of esophageal and gastric fundic varices,^\[[@R29]\]^ liver-lobe-based IVIM-derived parameters do not have better power than Fibroscan (AUC: 0.746 vs 0.8262), suggesting that liver-lobe-based IVIM DWI cannot improve prediction of the varices. We will perform the further study focusing on the combination of the liver-lobe-based IVIM DWI and other MR sequences such as portal venography to improve prediction power.

This study has several limitations. First, not all cases with liver cirrhosis were confirmed by pathology. But the hepatitis-B-related liver cirrhosis in the other patients was confirmed by the laboratory investigations and medical imaging according to the AASLD practice guidelines (2018).^\[[@R16]\]^ Second, the method for assessing the severity of liver function was Child--Pugh classification system, the subjectivity was inevitable in the assessment of Child--Pugh classification. We will perform the future study on the basis of another more objective method to confirm our results. Third, because of small sample sizes corresponding to some of the continuing Child--Pugh scores, we did not make up the correlation tests of the *D*, *D*^∗^, and *f* values with the continuing Child--Pugh scores. We will further enlarge the sample size to investigate the previous correlations. Fourth, we did not describe whether our methods can predict the severity of varices and compare our results with Baveno VI recommendation because the theme of our study was not to assess the risk of having varices requiring treatment but to investigate association of liver-lobe-based IVIM-derived parameters with hepatitis-B-related cirrhosis and esophageal and gastric fundic varices. We will perform the relevant study in the future.

5. Conclusion
=============

Liver-lobe-based IVIM-derived parameters could be used to assess liver cirrhosis and its Child--Pugh class, and identify esophageal and gastric fundic varices. The *D* value of RL had the highest diagnostic performance for the identification of liver cirrhosis, and the *D* value of CL could best identify esophageal and gastric fundic varices. We hope that these findings might be useful to quantitatively evaluate liver cirrhosis as a supplementary means for treatment decision making in clinical settings.
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